Leakage current and dielectric breakdown behavior in annealed SiO 2 aerogel films for intermetal dielectric applications was investigated in a metal-insulator-semiconductor structure. SiO 2 aerogel films with porosities of 70% exhibited Poole-Frenkel conduction both before and after annealing. After annealing at 450 and 700°C, the leakage current density improved over the current range of the applied field. This behavior was characterized by different chemical evolutions in each annealing step, beginning with the removal of residual organics up to 450°C and then with the removal of residual surface hydroxyl, along with subsequent microstructural changes, up to 700°C. Except in the few initial failure modes, intrinsic dielectric breakdown was not observed up to 1 MV/cm for as-deposited or 450°C annealed films. However, in the case of the 700°C annealed film, the dielectric breakdown strength was degraded. It was inferred that this early breakdown in 700°C annealed film was caused by a randomly enhanced electric field at the irregular asperity of the rough interface. This was confirmed by investigation of the interface roughness between the electrode and the film. © 1998 American Institute of Physics. ͓S0003-6951͑98͒01411-9͔
Rapid advances in circuit integration technology have placed severe constraints on the fabrication of interconnection systems which play a dominant role in circuit speed and the complexity achievable in a deep submicron regime. To reduce power dissipation, crosstalk and resistancecapacitance (R -C) time delay, a low dielectric constant material can be applied as an intermetal dielectric in the interconnection system. 1 SiO 2 aerogel is a promising candidate material because of its inherent low dielectric constant. 2 In our earlier works, SiO 2 aerogel film with 70% porosity exhibited the static dielectric constant of 2 at 1 MHz in a metal-insulator-semiconductor ͑MIS͒ structure. 3 Leakage current behavior should be intensively studied in subquartermicron interconnection devices since a relatively high electric field is produced even for a low applied operation field. To the best of our knowledge, attempts to identify these properties of this porous material have not yet been made. In this letter leakage current behavior at the low and high field regions, along with the change in dielectric breakdown strength, after annealing, were studied.
SiO 2 aerogel films were synthesized on a p-Si substrate by the supercritical drying method. Specific details of film formation were given in our earlier report. 3 Synthesized films were annealed up to 450 and 700°C under vacuum for 2 h, respectively. The current-voltage (I -V) characteristic of a MIS structure, which was fabricated by e-beam depositing Au electrodes, was measured using a HP 4155A semiconductor parameter analyzer in metal-shielded box at room temperature. All of the metallization for electrode formation was carried out after annealing the film. All samples were dehydrated in an Ar atmosphere at 150°C before measurement. The applied voltage was ramped 0.5 V/s from 0 to 100 V. Film density was determined with a Rutherford backscattering spectrometer ͑RBS͒ of a 2 MeV He ϩϩ Pelletron accelerator. The film porosity was quantified by comparison to a reference of thermally grown SiO 2 . The microstructural morphology after annealing was observed by scanning electron microscopy ͑SEM͒. Chemical impurities such as carbon and hydrogen were measured by the C-resonant RBS and elastic recoiled detection ͑ERD͒ methods, respectively. APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 11 16 MARCH 1998 terface roughness between the SiO 2 aerogel film and the electrode was investigated with atomic force microscopy ͑AFM͒ on the detached electrode from the SiO 2 aerogel film. The leakage current behavior over the applied electrical field is similar in each annealing step, as shown in Fig. 1 . At the low initial electrical field (E) region, the leakage current density (J) is linearly related to applied field, where (J) represents the linear fitting curve slope of 0.902, 0.952, and 1.06, respectively, in the log J vs log E plot. Little change in current density with a change in the polarity of the applied voltage, or with a change of electrode from Au to Al, indicates that leakage current conduction is primarily governed by bulk-limited conduction. Among several bulk-limited conduction mechanisms in the presence of a large amount of defects in thin films ͑a large portion of internal pores in our samples͒, the leakage current at high field is frequently referred to as the Poole-Frenkel ͑PF͒ conduction mechanism. 5, 6 Therefore, nonlinear behavior at higher field is represented by a PF emission and a log(J/E) vs E 1/2 plot provides a good self-consistent linear regression for this assumption. Overall, better leakage current was achieved in the annealed sample at the higher annealing temperature. Related to this leakage current behavior, it should be noted that there is a distinct difference in chemical evolutions between annealing at 450 and 700°C. It has been reported that during annealing of SiO 2 aerogel, there exist two competitive chemical evolutions. One is the removal of internal surface species such as Si-OR ͑R; alkoxyl group͒ and Si-OH, which tends to increase the film porosity. The other is the subsequent polycondensation reaction, building up additional siloxane networks, which tends to decrease the film porosity. 7 The invariant film density and porosity up to 450°C in Fig. 2 can be explained by a balance between these two competitive tendencies. In this temperature range, the main chemical evolution is dominated by the conversion of Si-OR to Si-O-Si and Si-OH bonds. 3 In our experiment, the decreased chemical impurity of carbon and hydrogen shown in Fig. 3 is mainly related to this removal of organic species. Besides the continuous decrease of the residual organic at 700°C, the removal of hydrogen in Si-OH plays the main role for the further polycondensation reaction to build up additional siloxane networks with less compensating removal of internal surface species. Therefore, between the two competitive tendencies of the removal of surface species and the subsequent polycondensation, the latter becomes dominant and results in a more condensed microstructure and an increase in film density as can be seen in Figs. 2 and 4. Refractive indices of each film show the same trend in the density variation over this annealing temperature range. To sum up, the leakage current behavior of SiO 2 aerogel films upon annealing can be characterized by the different chemical evolutions in each annealing step. They are the removal of residual organics up to 450°C and the removal of residual surface hydroxyl, respectively, along with the subsequent microstructural change, up to 700°C.
The distribution of breakdown strength measured within the 1 MV/cm range, with the function of annealing temperature, is presented in Fig. 5 . There was an earlier report on the dielectric breakdown strength of bulk SiO 2 aerogel with a different measurement setup. 2 The result turned out to be far smaller than 1 MV/cm. In our case, however, except in the few initial failure modes, no intrinsic breakdown was observed for the as-deposited or the 450°C annealed films within 1 MV/cm. However, in the case of the 700°C annealed film, dielectric breakdown strength degraded. In this situation, one speculation as to the early breakdown is a rough interface between the film and the electrode which randomly enhances the applied field at the irregular asperity. 8, 9 The condensed film structure after the 700°C annealing mentioned above may lead to a more corrugated surface of the dielectric substrate resulting in a more irregular interface when a Au electrode is deposited onto the substrate. Interface roughness which we measured from the AFM interface image of the Au electrode on the SiO 2 aerogel film, shown in Fig. 6 , abruptly increases for the 700°C annealed film. This finding suggests the strong dependency of the deterioration of dielectric breakdown strength upon annealing.
In summary, a SiO 2 aerogel film exhibited nearly ohmic conduction and Poole-Frenkel conduction at the initial and high field regions, respectively. Improvement of the leakage current density upon annealing is related to the gradual removal of chemical impurities such as residual organics and hydroxyls. Except in the few initial failure modes, intrinsic dielectric breakdown was not observed up to 1 MV/cm for the as-deposited or the 450°C annealed films. However, in the case of the 700°C annealed film, dielectric breakdown strength degraded. Through the interface roughness investigation between the electrode and the film, it was inferred that this early breakdown was caused by a randomly enhanced field at the irregular asperity of the rough interface. 
